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The strategies organisms use to decode synonymous codons in cytosolic protein synthesis are not
uniform. The complete isoacceptor tRNA repertoire and the type of modiﬁed nucleoside found at
the wobble position 34 of their anticodons were analyzed in all kingdoms of life. This led to the
identiﬁcation of four main decoding strategies that are diversely used in Bacteria, Archaea and
Eukarya. Many of the modern tRNA modiﬁcation enzymes acting at position 34 of tRNAs are
present only in speciﬁc domains and obviously have arisen late during evolution. In an evolu-
tionary ﬁne-tuning process, these enzymes must have played an essential role in the progressive
introduction of new amino acids, and in the reﬁnement and standardization of the canonical
nuclear genetic code observed in all extant organisms (functional convergent evolutionary
hypothesis).
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
During protein synthesis, the successive mRNA codons direct
the synthesis of the polypeptide. The correspondence between
each of the 64 (43) possible codon-triplets and the 20 amino acids
of cellular proteome (22 in some organisms) is called the genetic
code. Of these 64 codons, 61 are usually sense codons. Most of
these are organized in so-called degenerated codon family boxes
where synonymous triplets code for the same amino acid. Only a
few codons are unassigned, usually UAA, UAG and UGA that are
used as termination codons (Fig. 1A).chemical Societies. Published by E
(H. Grosjean), vcrecy@uﬂ.edu
k).Central to the decoding process is the interaction between a
speciﬁc codon triplet (bases in positions 1, 2 and 3)3 in mRNA
and the three anticodon bases of cognate aminoacyl-tRNA (bases
in positions 36, 35 and 34, respectively, all three belonging to a seven
nucleotide anticodon loop – Fig. 1B). In this codon:anticodon recog-
nition process, the 1st and 2nd base of the codon and the 3rd and
2nd base of the anticodon interact following the Watson–Crick pair-
ing rules (A:U, U:A, G:C, C:G). In contrast, the interaction between
the 3rd base of the codon and the 1st base of the anticodon (position
34, the so-called wobble base) is more ‘relaxed’, and non-standard
base pairings (as initially proposed by Crick [1]), or base oppositions
are permitted (reviewed in [2,3]). As a result, a given tRNA may read
more than one synonymous codon and therefore less than 61 antico-3 Abbreviations and symbols: COG, Cluster of Orthologous Groups; HGT, horizontal
ene transfer; N stands for any of the four bases; Number 34 after a letter, like in C34
U means cytidine in position 34 of anticodon CAU in the tRNA sequence, AUG3
eans guanosine in position 3 of codon AUG in mRNA. Amino acids are indicated
sing the standard three letters code. The common names of modiﬁed nucleosides
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Fig. 1. Part A – Standard genetic code. The Standard Genetic Code (so called ‘‘Universal”) used by most organisms of the three kingdoms to encode the proteins of their
genome is presented in the traditional way (16 boxes including each four codon/anticodon combinations using the same two ﬁrst bases of the codon). The ﬁrst, second and
third bases of the codon are shown in blue, red and cyan colors. Light blue background denotes the ‘‘4-codon” boxes (all four codon code for the same amino acid), all located
in the left part except the Arg CGN and Gly boxes. They all involved at least one G:C base pairing (indicated by dashed axes in A). Green background denotes the case where an
amino acid is encoded by a single NNG3 codon corresponding to a single C34NN anticodon, in this case this tRNA is compulsory since it cannot be spared (replaced by its
cognate U34-containing tRNA). Yellow background indicates the three stop codons. Bold boxes and italics show the special decoding modes arising in the Leu CUN, Ile/Met, Cys/
Trp and Arg CGN boxes (discussed in the text and illustrated in Fig. 3B). Part B – The anticodon/codon appariement. Base 36 and 35 of the anticodon are paired to bases 1 (blue)
and 2 (red) of the codon through Watson–Crick (WC) base pairing, respectively. The ﬁrst base of the anticodon (cyan), the ‘‘wobble” base (position 34, often modiﬁed), is
paired to position 3 of the codon either with Watson–Crick base pairing or U:G, G:U or I:C pairing. The wobble base 34 and the ‘‘dangling” base 37 are often modiﬁed while
bases 32, 38 and 39 are occasionally modiﬁed. Part C – Phylogenetic distribution of modiﬁed nucleosides at wobble position 34 of anticodon. All symbols are those
conventionally used in scientiﬁc literature. The chemical adducts are indicated in Fig. 2. The corresponding full scientiﬁc names and chemical characteristics can be found in
[133] and at: http://www.modomics.genesilico.pl, while information on corresponding enzymes can be found at: http://www.theseed.uchicago.edu/FIG/index.cgi/. In red are
the modiﬁed nucleosides found in N34 of tRNAs mostly involved in decoding two synonymous codons (duet decoding boxes), in blue are those found in N34 of tRNAs mostly
involved in decoding four synonymous codons (quartet decoding boxes), and in black are those found in N34 of tRNAs involved in decoding the single codon AUA for Ile. For
details see text. When a symbol like ‘m’ for methyl, or ‘cm’ for carboxymethyl, or ‘s2’ for thio is in braquet, it means that depending on the tRNA, the N34 compound may exist
with or without this adduct on the parent nucleoside. Modiﬁed nucleosides present in tRNAs of an eukaryotic organelle (mitochondria and chloroplastes) are not mixed with
those found in the eukaryal cytoplasmic tRNAs, as they have a bacterial origin (endosymbiosis). Only a few tRNAs from Archaea have been sequenced or analyzed so far for
their modiﬁed nucleosides content, therefore information concerning this domain is incomplete. U*? and C*? are modiﬁed uridine(s) and cytosine(s) of yet unknown
structures (see also Ref. [63]).
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the type and number of spared tRNAs harboring a given anticodon
vary with the synonymous decoding box and the organism consid-
ered (see examples in [4]). In addition, the modiﬁed nucleosides
found at the ‘wobble’ base-34 in orthologous tRNA species are often
different in Bacteria, Eukarya and Archaea (Figs. 1C and 2, Refs. [5–
7]). How extant organisms accurately decode the same 61 sense co-
dons into proteins containing the same 20 amino acids clearly differs
according to their evolutionary history.2. Methodology and goals
In this review, we examine the anticodon usage in cytoplasmic
tRNAs in different organisms belonging to the three biological do-
mains. The information on the repertoire of cytoplasmic tRNAs was
derived from mining nuclear genes coding for isoacceptor tRNAs
harboring distinct anticodons as described in previous analyses
(50 genomes from Bacteria, Archaea and Eukarya [4], 12 hemiasco-
mycetes genomes + Schizosaccharomyce pombe, see in Supplemen-tary data SS3 and Ref. [8], and 17 genomes of Mollicutes [9]). The
generality of our conclusions was veriﬁed by consulting two addi-
tional tDNA databases: the Genomic tRNA Database GtRNA-DB
[10] that contains more than 800 genomes (40 Eukarya, 54 Archaea
and 749 Bacteria) and tRNADB-CE [11], which contains 737 com-
plete and 616 draft genomes of Bacteria and Archaea. These dat-
abases include unconventional tRNA genes recently discovered:
split tRNA genes (the two halves of the gene are separated in the
genome) [12], circularly permuted tRNA genes (the 30 half of the
gene lies upstream of the 50 half in the genome) [13] and archaeal
tRNA genes containing up to three introns [14]. The presence of
modiﬁed nucleotides at the wobble position 34 of anticodon was
also examined. This information was compiled from different
sources ([15–18], http://www.modomics.genesilico.pl). Unfortu-
nately, the identity of modiﬁed nucleotides for complete tRNA sets
is known only in a few model organisms (mainly Escherichia coli,
Saccharomyces cerevisiae, Haloferax volcanii and Mycoplasma capri-
colum). However, once the sequence of a gene coding for a given
tRNAmodiﬁcation enzyme has been identiﬁed (and experimentally
conﬁrmed) in one organism, the presence of a givenmodiﬁcation in
Fig. 2. Summary of all types of chemical adducts found at the wobble position-34 in naturally occurring RNAs (cytoplasmic and mitochondrial). In each boxes are the various
types of chemical groups that can be enzymatically attached to selected atoms of a pyrimidine ring (left part) or of a purine ring (right part) at the wobble position during
maturation of RNA precursors in Bacteria, Eukarya or Archaea. For G-transglycosylation of deazaguanine derivatives (with chemical group attached to C7 instead of N7 as in
guanine) and further hexosylations of the G-derivatives, see [86] and Supplemental Fig. SS5. All other information are as in Fig. 1C.
254 H. Grosjean et al. / FEBS Letters 584 (2010) 252–264a speciﬁc tRNA can be inferred from the presence of the corre-
sponding modiﬁcation enzyme sequence in a given genome
([19,20], see also SEED database at http://www.theseed.uchica-
go.edu/FIG/index.cgi). These sequence-based predictions are quite
accurate when genomes of closely related organisms are analyzed
but are more perilous when comparing evolutionary distant organ-
isms (see for examples [20–23]).
The focus of this review is on mRNA decoding on the cytosolic
ribosomes. Indeed, notable deviations of the ‘standard’ nuclear ge-
netic code have been recorded in organelle mRNAs translation (for
details see for examples [24–26]). Importantly, as the majority of
organisms analyzed are self-living, with only a few having a para-
sitic lifestyle (Mollicutes, Encephalitozoon cuniculi for examples),
none appear to import extragenetic tRNAs gene products, except
if they are infected with speciﬁc viruses or transformed with plas-
mids carrying tRNA genes (a situation not considered here).
2.1. The special case of the two initiator/elongator tRNAsMet
Decoding by cytoplasmic tRNAMet is special case that will be dis-
cussed ﬁrst. Nuclear genomes of all organisms always contain genes
coding for two different types of tRNA harboring C34AU anticodon
(‘‘eMet” and ‘‘iMet” in the Ile/Met split decoding box – Figs. 1A
and 3B and Supplementary Fig. SS1, part A). One gene (often inmul-
ticopy) encodes the regular elongator tRNAeMet used to incorporate
internal methionines, the other encodes the initiator tRNAiMet used
to initiate the synthesis of the polypeptidic chain. Although both
cytoplasmic tRNAs are charged by the same cognate Met-tRNA syn-
thetase (MetRS), their sequences aremarkedly different. Indeed, the
speciﬁc role of tRNAiMet is enlightened by the conservation of a
number of sequence features that make it the most widely con-
served tDNA throughout the three kingdoms of life (for details refer
to Fig. 4 in [4]). Therefore, the actual number of different codons the
tRNA set of any cell has to read in cytoplasmic mRNAs is not 61
(=64  3 stop codons) but 61 + 1, as the two iMet and eMet codons
are read by two different tRNAs. Thus here, the same codon AUG3 is
used for two different purposes, yet for the same amino acid.3. Major decoding strategies of synonymous codons: universal
and idiosyncratic features
Themain strategies used by contemporaneous organisms to read
the 61 + 1 sense codons of cytoplasmic mRNAs are summarized in
Fig. 3A. The special decoding modes used in certain organisms for
decoding Ile/Met (codons AUN3), Cys/Stop/Trp (UGN3), Tyr/
Stop > Gln (UAN3) and Arg (CGN3), as well as one remarkable excep-
tion in the CUN3 decoding box in certain yeasts of the Candida clade
are shown in Fig. 3AandB. These rules are deduced fromcomparison
of the complete set of nuclear tRNA genes corresponding to tRNA
isoacceptors harboringadistinct anticodon ingenomesofmore than
500 organisms spanning Bacteria (abbreviated in ‘B’ in Fig. 3), Euk-
arya (abbreviated in ‘E’) and Archaea (abbreviated in ‘A’). Speciﬁc
examples are given in Fig. SS1, parts A + B (see also Refs. [4,8,9]).
3.1. Sparing strategy #1: depletion of A34-or-G34 containing tRNAs
Without exceptions, a tRNA harboring an anticodon A34NN
never co-exists with another tRNA harboring an anticodon G34NN
in any of the 16 mixed and unmixed amino acid family boxes. In
the cases of 2-synonymous codon family boxes (Fig. 3A and
Fig. SS1, parts A + B) corresponding to Phe, Tyr, His, Asn, Asp, Cys
and Ser-AGY3 (Y stands for pyrimidine, U or C), a G34-containing
tRNAs read both codons NNC3 and NNU3 with a wobble G34:U3
base pairing in the latter case. In the cases of 4-synonymous codon
family boxes (Fig. 3A and Fig. SS1, part A) corresponding to Leu-
CUN3, Val, Ser-UCN3, Pro, Thr and Ala, a G34-containing tRNAs is
used to decode pyrimidine-ending codons in Bacteria and Archaea,
while in Eukarya, a A34-containing tRNAs is systematically used in-
stead. In this latter case, A34 in precursor tRNAs is enzymatically
deaminated into I34 (I stands for inosine, see below) in the mature
and functional tRNAs, thus allowing a wobble I34:C3, I34:U3 base
pairings and exceptionally I34:A3 base pairing during translation
[27]. In Bacteria, A34 is generally found in tRNAArg (Figs. SS1, part
B and SS2). It is also enzymatically deaminated into I34 during tRNA
maturation. A34 occurs in tRNAs other than tRNAArg only in a few
Fig. 3. Cytoplasmic decoding strategies in Eukarya, Archaea and Bacteria. Light blue, green and yellow background colors have the same meaning as in Fig. 1A. Missing
(spared) tRNAs are symbolized by small colored rectangles (blue, red, yellow and green for A34, G34, U34 and C3 spared tRNAs, respectively). The same conventional colored
symbols are used in Supplemental Figs. SS1–SS4. Part A – The four major tRNA sparing strategies. This part illustrates the decoding (which tRNA reads which codon in a given
box – 2 ﬁrst bases of the anticodon/codon appariement given) of the ‘‘standard boxes” of Genetic Code (see Fig. 1A): that is all boxes except Ile/Met and Cys/Stop/Trp and
other changes related to genetic code alterations. Arrows symbolize the pairing of the ﬁrst base of the anticodon (position 34) with the third base of the codon (position 3). An
horizontal arrow denotes a Watson–Crick base-pairing while an oblique arrows denotes a wobble base pairing (e.g. G34:U3). The wobble base-pair involving A34 (in fact I34 in
the mature tRNA) and A3-ending codons are indicated by dashed arrows to indicate this base-pairing is inefﬁcient during translation (details in text). Note that Eukarya differ
from Archaea and Bacteria in the way they decode the 4-codon boxes (in blue background in Fig. 1A). Indications #1, #2, #3 and #4 refer to the four major sparing strategies
(see corresponding sections in text). Sparing strategy #4 applies only to Arg-CUN3 box (in most bacteria and hemiascomycete yeasts) and to the special Leu/Ser decoding
boxes in hemiascomycete yeasts of the Candida clade. Part B – Special decoding boxes. While the decoding of the Ile/Met-AUN3 box follows a regular decoding pattern in
Eukarya, Archaea and Bacteria use a third type of (C34AU) anticodon tRNA to read the AUA3 Ile-codon. In Bacteria, a modiﬁcation of C34 performed by the modiﬁcation enzyme
TilS switches both the anticodon/codon recognition and the tRNA-synthetase recognition of this tRNA (shown as a red arrow, see text for details). A similar mechanism is
hypothesized in Archaea. In the Cys/Stop/Trp UGN3-box, (a) stands for Mycoplasma; in the Tyr/Gln-box, (b) indicates ciliate protozoan (or Euplotes) and (c) Tetrahymena.
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In these cases, it is not deaminated and can decode all four synon-
ymous codons of a family box ([28], reviewed in [29] and see be-
low). In Archaea, including tRNAArg, A34 is never found. Only G34-
containing tRNAs decode pyrimidine-ending codons in all synony-
mous decoding boxes in this domain of life (Fig. SS1, parts A + B).
The same A34-or-G34 sparing strategy applies to the Ile decoding
box (AUU3/C3, Fig. 3B). A34-containing tRNAIle is always used in
Eukarya, while a G34-containing tRNAIle is always used in Bacteria
and Archaea (Fig. SS1, part A). Only the Gly pyrimidine-ending co-
dons (GGU3/GGC3) are always read by a G34-containing tRNAGly in
all three kingdoms (Fig. SS1, part B). The few exceptions are the Arg
(CGN3) and Leu (CUN3) decoding boxes in eubacteria and hemias-
comycetes, respectively (see below). Lastly, the avoidance of A34-
containing tRNA in all 2-synonymous codon family boxes, over
the systematic usage of G34-containing tRNAs results from the
impossibility of a wobble base A34 (or I34) to avoid cross-box mis-
coding of purine-ending codons [27,30,31].
Thus, if no other tRNA sparing strategy is used (see below), the
minimal number of tRNAs with distinct anticodons an organism
requires to decode the 61 + 1 sense codons of their mRNAs and
compatible with a proteome using the 20 canonical amino acids
(the tRNA repertoire) is 62  16 = 46 tRNAs. This is the case in al-
most all Archaea (as Pyrococcus abyssi and Sulfolobus solfataricus),
some Eukarya (as Homo sapiens and Arabidopsis thaliana) and rarely
in Bacteria (for example Thermotoga maritima, see also Supplemen-
tary Fig. SS1).
3.2. Sparing strategy #2: additional depletion of C34-containing tRNAs
tRNAs harboring a C34NN anticodon are very restrictive for
reading codons ending only with G3. Therefore, sparing a C34-con-
taining tRNA will require that another tRNA isoacceptor coding for
the same amino acid reads the NNG3 codon in addition to its own.
The only possibilities are tRNAs that harbor U34 in their anticodons.
However, while a G34-containing tRNA can easily read an U3-end-
ing codon by wobbling (see above), U34-containing tRNAs read
NNG3 codons less efﬁciently. The efﬁcacy of U34:G3 wobbling will
strongly depend on the presence of chemical adducts on the C5
atom of U34 mediated by speciﬁc enzymes ([32], reviewed in
[33,34]). Because these enzymatic modiﬁcations of U34 in naturally
occurring tRNAs differ in the three biological kingdoms (Fig. 1C and
below), the C34-sparing strategy is not equally distributed. It is
rarely used in Eukarya and Archaea, while widely used in Bacteria
(Fig. 3A, strategy #2; details are in Supplementary Fig. SS1, parts
A + B).
There are three cases (out of 42 = 16 possibilities) for which the
C34-sparing rule cannot apply. The initiator and elongator tRNA-
Met (anticodon C34AU) read exclusively the Met-AUG3 codon.
The tRNATrp (anticodon C34CA) reads the unique Trp-UGG3 codon.
Finally, the stop codon UAG3 is not recognized by any tRNA but
is read by a speciﬁc termination factor (indicated by ‘+RF’ in
Fig. 3B). Thus, in organisms that are using both ‘A34-or-G34’ and
‘C34-’ sparing strategies, the tRNA repertoire is now 46  13 = 33
tRNAs. Depletion of C34-containing tRNA is used in many eubacte-
ria (as Bacillus halodurans), in a few Archaea (as Methanopyrus
kandleri) and exceptionally in Eukarya (as S. cerevisiae).
3.3. Sparing strategy #3: total depletion of both tRNA harboring A34-
or-G34 and C34
Here one single U34-containing tRNA reads all four synonymous
codons, with U34 not posttranscriptionally modiﬁed (Fig. 3A,
strategy #3). This type of sparing strategy is also known as the
‘two-out-of-three decoding’ [35], ‘4-way wobbling’ [36] or ‘super-
wobbling’ [37] because the third base of the codon is meaninglessin the decoding process. The ability of such tRNAs harboring
unmodiﬁed U34 to read each of the four codons within a 4-fold
degenerated codon boxes, depends on the presence of at least
one G or C in positions 35 and/or 36 of anticodon (corresponding
to dashed axes in Fig. 1A), and also on other elements of the anti-
codon loop, such as (among others) a cytosine in position 32 (C32)
of the anticodon loop ([38]). This ‘minimalist’ decoding system is
used only in Bacteria, never in Archaea or in Eukarya. It is used
mainly for reading codons Val-GUN3, Pro-CCN3 and Ala-GCN3, less
frequently for Leu-CUN3, Ser-UCN3, Thr-ACN3 and exceptionally for
Gly-GGN3 (Fig. 3A, box #3 and Fig. SS1, parts A + B). Had this third
strategy been used in all the 8 theoretical cases (blue background
in Fig. 1A), then the tRNA repertoire could be reduced to
33  8 = 25 tRNAs. However, the actual lowest number of tRNAs
found among all the organisms examined is 28, as in several
Mollicutes [9,39]. These organisms have adapted to speciﬁc hosts
by massive genome reduction.
Only mitochondrial (and chloroplast) genomes have been
shown to encode a lower number of decoder tRNAs with only 22
distinct anticodons [36,40]. However in mitochondria, the unique
tRNAMet has a dual function in initiation and elongation, thus spar-
ing one tRNA. Also, the AUA3 codon is often used as a Met-codon
instead of Ile-codon as in cytoplasmic mRNAs, again sparing one
additional tRNAIle. Finally, codons AGA3/G3 can be unassigned
(=not used) and therefore does not require a cognate tRNA. In addi-
tion, two nuclear encoded tRNAs speciﬁc for Lys and Gln, respec-
tively, harboring distinct anticodons from those found in the
mitochondria, were shown to be imported from the cytoplasm into
S. cerevisiae mitochondria. In extreme cases (such as in trypanoso-
matids), the whole set of mitochondrial tRNAs is encoded by the
nuclear genome and imported into the organelle [41,42].
3.4. Sparing strategy #4: simultaneous depletion of G34- and U34-
containing tRNAs
Except for the stop codon UAA3 for which cognate U34-contain-
ing tRNAs is missing, the only tRNAs that contemporaneous organ-
isms (and organelles) are reluctant to eliminate are U34-containing
isoacceptor tRNAs. The main reason is that a G34- or a C34-contain-
ing tRNA cannot read A-ending codons efﬁciently enough. The only
case where the G34- and U34-sparing strategy #4 has nevertheless
been used concerns the quadruplet decoding box for Arg-CGN3 in
most eubacteria and the same quadruplet Arg-CGN3 plus the
Leu-CUN3 decoding boxes in few Hemiascomycetous yeasts (indi-
cated by a red and yellow rectangles in Fig. 3A, strategy #4, see also
Figs. SS2 and SS3, parts A + B). In these organisms, Arg-codons
(CGU3/C3, CGA3), or Leu-codons (CUU3/C3 and CUA3) are read by
a single tRNA harboring an anticodon A34CG and A34AG where
A34 is modiﬁed to inosine (I34) in the mature tRNA species. In these
cases decoding of A3-ending codon NNA3 depends on a I34:A3 wob-
ble base pairing [1,27]. For E. coli tRNAArg it has been experimen-
tally shown that this type of wobbling is very inefﬁcient (dashed
arrow in Fig. 3A, decoding strategy #4 [31]). The Arg-codon CGA3
is indeed rarely used in all eubacteria lacking U34-containing
tRNAArg, attesting that living cells avoid using this particular codon.
Nevertheless, reading Arg-codon CGA (sparing strategy #4) is oper-
ational in vivo as the gene encoding the enzyme catalyzing the for-
mation of I34 in tRNAArg is essential in E. coli [43]. The fourth codons
CGG3 of the Arg-quadruplet is read by a second tRNAArg harboring
an anticodon C34CG (green background in Fig. 3A and Fig. SS2). In
Mollicutes this codon CGG3 is not used in mRNAs (unassigned co-
don [44]) and consequently the cognate C34-harboring tRNAArg is
simply absent from the corresponding genomes (indicated by C3
and G3 in brackets in Fig. 3A, see also in [9]). In several Candida spe-
cies, the codon CUA3 is read by a tRNALeu harboring an anticodon
I34AG (see below). In all other organisms, the four Arg-codons
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tRNAArg, a U34-containing tRNAArg (where U34 is modiﬁed to
mnm5U in eubacteria and mcm5U in eukaryotes; see below) and
also by a third C34-containing tRNAArg (sparing strategies #2 and
#1, respectively). This rule applies to all 4-degenerated codon fam-
ilies other than Arg (and Leu in some Candida).
The enzymes catalyzing the deamination of A34 in precursor
tRNAArg are the homodimeric TadA in eubacteria and the hetero-
meric Tad2/Tad3 in eukaryotes (Supplementary Fig. SS2). These be-
long to a large superfamily of A-to-I (and C-to-U) RNA deaminases/
editing enzymes [45,46]. However, despite their common phyloge-
netic origin, the bacterial enzyme (as tested with the E. coli en-
zyme) deaminates exclusively A34 in pre-tRNAArg harboring
anticodon A34CG, while eukaryal homologues (as tested with the
S. cerevisiae enzyme) have a more relaxed speciﬁcity and deami-
nate all types of A34-containing tRNAs [47,48]. Accordingly, genes
coding for tad2/tad3 are present in genomes of all Eukarya, while
genes coding for tadA are present only in the eubacteria that code
for a A34-containing precursor tRNAArg and lack U34-containing
tRNAArg in their genome. Consistent with the total absence of
A34-containing tRNAs in genomes of Archaea, no archaeal homo-
logues of tad2/tad3/tadA genes are found, demonstrating again
the subtle interplay between codon usage, tRNA population and
the repertoire of tRNA modiﬁcation enzymes, a trilogy of elements
that have shaped the genetic code during evolution.
3.5. The simultaneous depletion of G34- and U34-sparing strategy of the
Candida clade in the Leu/Ser box: an exception
The genome sequences of some Candida species (including C.
albicans) and Debaryomyces hansenii have revealed one remarkable
exception to the ‘almost’ universal nuclear decoding rules ex-
plained above. Here the CUG3 codon of the usual 4-codon family
box (Leu-CUN3) is assigned as Ser instead of Leu (green background
in Fig. 3A, and Supplementary Fig. SS3, parts C + D), thus raising the
total number of Ser-codons used to seven and reducing the usual
Leu-codons to ﬁve (reviewed in [49] and by Manuel Santos in this
volume). The resulting split Leu/Ser decoding pattern is similar to
the bacterial Arg unsplit CGN3 decoding box (G34 + U34-sparing
strategy # 4, Fig. 3A), except that codons ending with G3 now code
for a different amino acid (Ser) compared to the three other codons
of the same decoding box (Leu). Remarkably, C. albicans tRNALeu
(I34AG) possesses an unusual G-residue located in position 32 of
anticodon loop while a pyrimidine U32 or C32 is generally present
in all other tRNAs examined. The identity of this nucleotide in po-
sition 32 (as well as in position 38, opposite N32 in the anticodon
loop, Fig. 1B) was demonstrated to inﬂuence the discriminatory
ability of a given tRNA to read synonymous codons varying by their
third base [38,50]. Thus, the presence of G32 (of different chemical
structure than pyrimidine) probably helps C. albicans tRNALeu (anti-
codon I34AG) to read the rare Leu-codon CUA3, while avoiding
‘cross-box’ decoding of Ser-codon CUG3. This single Ser-codon
CUG3 is read by another unusual C34-containing tRNASer harboring
a G33, instead of the highly conserved U33, 30-adjacent to wobble
residue C34. In this case, the presence of the unusual G33 in C. albi-
cans tRNASer was shown to decrease the decoding efﬁciency for
cognate codon CUG3, thereby minimizing the negative impact of
‘cross-box’ miscoding of near-cognate Leu-codon CUA3 ([51], see
also the ‘Missing triplet hypothesis’ [52]).
In other hemiascomycetous yeasts (e.g. S. cerevisiae and Candida
glabrata), all CUN3 codons correspond to the standard Leu. How-
ever, to decode the Leu-pyrimidine-ending codons, a G34-contain-
ing tRNALeu is used, as in bacteria, instead of the usual
‘eukaryotic’-type of A34(I34)-containing tRNALeu (Fig. 3A, Fig. SS1,
part A and SS3, parts C + D). Depending on the Hemiascomycetes
considered, the other two Leu purine-ending codons are readeither by an unique tRNALeu harboring a U34AG anticodon, in which
U34 is not modiﬁed (at least in S. cerevisiae, [53]), or by two tRNALeu,
one with U34AG and the other with C34AG anticodon (C34 being
modiﬁed to m5C by Trm4p [54], more details are given in [8]).
Inspection of their nucleotide sequences reveals that the G34-con-
taining tRNALeu harbors an unusual C33, 30 adjacent to anticodon,
while the two other tRNALeu (U34AG and C34AG) harbor the normal
anticodon loop ‘kinking’ U33. The observations above underscore
the importance of nucleotide sequence, not only of the three bases
of the anticodon, but also of nucleotide(s) within the anticodon
loop for decoding split or unsplit CUN3 codon family box (‘Ex-
tended anticodon theory’ [55–57]).4. Special decoding boxes: extreme dependence on wobble base
modiﬁcation enzymes
4.1. Ile/Met (AUN3) decoding box
As stated above, translation of Ile-AUU3/AUC3 codons in cyto-
plasmic mRNAs is performed by a G34-containing tRNAIle in both
eubacteria and archaea (as well as in organelles) and by an I34-con-
taining tRNAIle in all eukaryotes (Fig. 3B and Fig. SS4). Reading
selectively the third (but rare) AUA3 codon as Ile in mRNAs without
mispairing with the Met-codon AUG3 is trickier. Depending on the
organism (or organelle), different strategies have emerged during
evolution. In all eukaryotes, a second tRNAIle harboring a wobble
U34 is used. In S. cerevisiae, this tRNAIle harbors a peculiar anticodon
in which the wobble U34 and third anticodon base U36 are each
enzymatically modiﬁed into pseudouridine (Fig. 4A, [58]). The gene
coding for the enzyme catalyzing these two pseudouridylation
reactions (pseudouridine synthase-1, abbreviated in Pus1p [59])
is present in the majority of eukaryotic genomes analyzed (Cluster
of Ortholog Groups COG0101).
Except in a few cases (as inMycoplasma mobile [9,60]), a tRNAIle
harboring an anticodon U34AU is never found in eubacteria and ar-
chaea (yellow rectangle in Figs. 3B and 4A, U34-sparing strategy
#4). Instead, a tRNAIle harboring a C34AU anticodon is used
(Fig. SS4, [4,9,60]). In Bacteria, the wobble C34 of the mature tRNAIle
(anticodon C34AU) is modiﬁed to lysidine (C
* corresponds to k2C
[61]). The enzyme (here designated TilS in Fig. 4A, [62]) catalyzing
the formation of k2C34 is present, without exception, in all eubac-
teria lacking the U34-containing tRNAIle. This enzyme belongs to
cluster of orthologs group COG0037. The chemical structure of
the modiﬁed C34 in archaeal tRNA
Ile is unknown (but deﬁnitively
distinct of eubacterial k2C, see in [63] and several abstracts of the
23th tRNA workshop, Aveiro, Portugal, January 2010). The gene
coding for such an archaeal C34-modiﬁcation enzyme of tRNAIle
ðC34AUÞ has still to be identiﬁed (indicated by ‘Enz?’ in Fig. 4A).
In both eubacteria and archaea, these C34-modiﬁcations have a
dual function: they switch the amino acid identity of the tRNA
from Met-to-Ile and allow exclusive decoding of the Ile-codon
AUA3 (symbolized by a red arrow in Figs. 3B and 4A).
For the single Met-codon (AUG3), a tRNAeMet harboring an anti-
codon C34AU is always used. However again, depending on the
organism considered, the wobble C34 is enzymatically modiﬁed
into different C34-derivatives. In a subset of Bacteria, such as
Enterobacteriales or Vibrio, a tRNA acetyltransferase (designated
TmcA, COG1444, Fig. 4A) catalyzes the formation of N4-acetylcyti-
dine (ac4C [64]), while in cytoplasmic tRNAeMet of most Eukarya (as
in mammals, but not in S. cerevisiae and probably other lower
eukaryotes), C34 is modiﬁed into 20-O-methylribose cytidine
(Cm34) by a tRNA methyltransferase (Trm7p, Fig. 4A) that also acts
on tRNAs speciﬁc for Phe, Leu and Trp [65]. In Archaea (as P. abyssi
and Holoferax volcanii), a Cm34 is also found in tRNAeMet. However,
here the enzymatic methylation of the ribose of C34 is catalyzed by
Fig. 4. (A–C) Enzymes and proteins involved in speciﬁc modiﬁcation of nucleoside-
34 in tRNAs. Symbolism and color code within each decoding boxes are the same as
in Figs. 1A and 3. Outside the boxes are the anticodon sequences with indication of
the modiﬁed base-34 and/or 35. Along the corresponding arrows are indicated the
conventional acronyms of enzymes implicated in the nucleoside modiﬁcations. The
color-code for the modiﬁed nucleosides and names of enzymes is ‘red’ for bacterial
and organelle enzymes, ‘blue’ for archaeal enzymes and ‘green’ for cytoplasmic
prokaryotic enzymes. In yellow background are information concerning termina-
tion (release) factors (‘Mut’ means mutant). All other details are in the text.
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plex (box C/D RNP), including the ﬁbrillarin enzyme (aFib [66],
Fig. 4A). Both types of C34-modiﬁcations (ac4C and Cm) guarantee
precise decoding of the Met-AUG codon by strengthening C:G
base-pair interaction [67,68] and concurrently prevent misreading
of the near cognate Ile-AUA codon (a case of functional convergent
evolution). Removal of the acetyl group from the ac4C34 in E. coli
tRNAeMet allows misreading the Ile-codon AUA3 in vitro [69].
In mitochondria of vertebrates and insects, where AUA3 and
AUG3 codons are both read as Met, the C34 of the mitochondrial
tRNAMet is modiﬁed into 5-formylcytidine (f5C34 [70]). The gene
coding for the mitochondrial formylating enzyme is still not
known (designated by ‘Enz?’ in Fig. 4A). Here, the presence of a
formyl group in C34 allows the mitochondrial f5C34-containing
tRNAMet to decode both codons AUA3 and AUG3 ([70] and refer-
ences therein). Altogether, these examples illustrate well the con-
cept that partition of the Ile/Met into a 3/1 decoding box as in
extant self-living organisms, or into a 2/2 decoding box as in
many organelles, clearly depends on ad hoc U34-or-C34 enzymatic
modiﬁcation apparatus that obviously have emerged indepen-
dently in different organisms, after the split into the three major
biological kingdoms.4.2. Cys/Stop/Trp (UGN3) decoding box
Like Met-codon AUG3, Trp-codon UGG3 has to be translated
accurately by one single tRNATrp harboring the cognate anticodon
C34CA. Like for Ile/Met, discrimination with the closely related co-
don UGA3 can be problematic. However, in this case, UGA3 is not
used as sense codon but as a termination signal for polypeptide
synthesis. All living organisms using UGA as stop codon, lack the
tRNA harboring anticodon U34CA (Fig. 3B, except in special UGA-
suppressor strains). In its place, a termination (or release) factor
recognizing UGA3 is used (called RF2 in eubacteria, eRF1 in eukary-
otes and aRF1 in archaea, reviewed in [71,72]). To allow faithful
translation of the single Trp-codon UGG3 and to limit accidental
readthrough of near cognate stop codon UGA3 (leakiness or special
recoding events), the wobble C34 of tRNATrp is usually modiﬁed to
Cm34. In eubacteria, the 20-O-methylation of ribose in C34 is cata-
lyzed by a ‘spout’-fold methyltransferase (Fig. 4B, YibK in E. coli
and MCAP 0364 in M. capricolum [9]) belonging to COG0219.
According to the recently proposed, uniform nomenclature for all
RNA modiﬁcation enzymes (see in http://www.modomics.genesil-
ico.pl), this YibK enzyme is designated TrMet(Cm34). In eukaryotes,
formation of the same Cm34 in tRNATrp is catalyzed by Trm7p [65],
while in archaea it is catalyzed by ﬁbrillarin (aFib, within the box
C/D snRNP complex [73], Fig. 4B), two ‘Rossmann’-fold-type of
methyltransferases we mentioned already above. These represent
other cases of functional conversion evolution of enzymes in rela-
tion to the decoding of the single Trp-codon UGG3 in organisms of
the three domains of life.
Exceptions to the single codon Trp-decoding rules are found in
most Mollicutes and some ciliate protozoan of the clades Euplotes,
Colpoda and Heterotrichea. Here the UGA3 stop codon has been
reassigned to Trp and is now read by a cognate tRNATrp harboring
an anticodon U34CA (where U34 is doubly modiﬁed on the base and
on the ribose, see below). The usual tRNATrp (Cm34CA) is still used
for decoding Trp-UGG3 (Figs. 3B and 4B). This reassignment of co-
don UGA from Stop-to-Trp involves two important adjustments of
the translation machinery. First, in Mollicutes, the RF2-termination
factor has been lost ([74], reviewed in [75]), whereas in Euplotes
and Blepharisma, speciﬁc mutations in the N-terminal domain-1
of eRF1 (indicated by eRF*1 in Fig. 4B) have occurred, so that the
UGA3 codon is no longer recognized while preserving recognition
of the other stop codons UAA/UAG [76–79]. Second, a duplication
of the gene coding for tRNATrp (C34CA), followed by mutations
(including a C34-to-U34 change) and subsequent base modiﬁcation
in the pre-tRNATrp of the newly generated wobble U34, lead to the
gain of UGA decoding. InM. capricolum tRNATrp, U34 is doubly mod-
iﬁed on C5 of the U-ring and on 20-hydroxyl group of the ribose
(formation of hypermodiﬁed cmnm5Um34 [80]). This is the same
modiﬁcation found in tRNALeu (anticodon U34AA) of the mixed
Phe/Leu decoding box inM. capricolum. This type of hypermodiﬁed
U34 has been demonstrated to restrict decoding of U

34-containing
tRNAs to only purine-ending codons, thus avoiding misreading of
near-cognate pyrimidine-ending codons [33,34]. A similar situa-
tion exists in mitochondria of vertebrates and insects, where both
codons UGA and UGG also code for Trp. Here the unique mitochon-
drial U34-containing tRNATrp is modiﬁed into the hypermodiﬁed
base xm5U (reviewed in [81]) and plays the same restrictive decod-
ing role towards the Cys-pyrimidine-ending codons as cmnm5Um
in Mollicutes. The absence in mitochondria of an enzyme catalyz-
ing the formation of 20-O-methyl derivative of U34, in addition to
the enzymes catalyzing modiﬁcation of the C5-atom in U34 in
Mycoplasma tRNATrp may correspond to the lack of requirement
for an extra tRNATrp (anticodon Cm34CA) reading exclusively codon
UGG. Indeed, the presence of this methyl group on 20-hydroxyl of
the ribose, in addition to the modiﬁcation at C5-atom of U34 in-
duces a conformational rigidity of the nucleotide that was
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[68,82].
Finally, in ciliate Euplotes octacarinatus and E. crassus, UGA3
codes for Cys in addition to the ubiquitous pyrimidine-ending co-
dons UGC3/UGU3 (dashed arrow in Cys/Trp UGN box in Fig. 4B,
[83]). No cytosolic tRNACys harboring an anticodon starting with
U34 seems to be present in these organisms, only a tRNACys with
a wobble G34 [84], attesting that in Euplotes a wobble G34:A3 base
pairing is used to read rare sense codon UGA3 during mRNA trans-
lation. This become possible only because mutations occurred in
domains I of termination factor eRF1 (indicated by eRF*1), altering
its capacity to interact with UGA3, now a sense codon for Cys
[77,85].
Altogether, these examples illustrate again the subtle interplay
between the set of tRNAs a given cell is using to decode mRNAs, the
battery of tRNA modiﬁcation enzymes that modify the wobble
base-34 of their tRNAs, and the requirement for speciﬁc stop codon
termination (release) factors.
4.3. Tyr/Stop-or-Gln (UAN3) decoding box
In all extant organisms, the two synonymous codons UAU3 and
UAC3 are read by a unique tRNATyr. At the gene level, a G34 is al-
ways found. However, depending on the organisms, this geneti-
cally encoded wobble G34 in pre-tRNATyr can be replaced
posttranscriptionally by a 7-deazaguanine derivative (preQ1 in
eubacteria) or queuine (Q in eukaryotes) and further hypermodi-
ﬁed into a variety of Q34-derivatives (symbolized by Q and Q* in
Fig. 4C but not detailed here; for review see [86] and Supplemen-
tary Fig. SS5). Among the different enzymes involved in this com-
plex metabolism, the key protein catalyzing the insertion of Q-
derivative is a tRNA:guanine transglycosylase (designated Tgt,
Fig. 4C and Fig. SS5). This enzyme acts on all tRNAs harboring a
U35 in the middle position of anticodon, thus G34-containing tRNAs
speciﬁc for His, Asn, Asp of the 2-synonymous codon family boxes.
The Tgt enzyme (COG0345) is almost universally found in both
Bacteria and Eukarya ([87]). However, in Archaea, the homologous
enzyme catalyzes a similar transglycosylation reaction but at posi-
tion 15 of the D-loop of tRNA molecules [88]. Therefore in all
archaeal tRNAs speciﬁc for Tyr, His, Asn and Asp the wobble nucle-
otide is probably a non-modiﬁed G34 (Fig. 4C).
One remarkable feature of mature and functional tRNATyr in
eukaryotes and in archaea is the almost ubiquitous presence of
pseudouridine in the middle position 35 of the anticodon (Psi35).
In yeast S. cerevisiae and archaeal P. abyssi and S. solfataricus, this
Psi35 (as well as Psi13) is catalyzed by the phylogenetically related
multisite-speciﬁc enzyme ePus7p and aPus7p, respectively
(Fig. 4C). The pus7 homolog genes (COG0585) exist in nearly all
eukaryotes and Archaea [89,90]. However, in some archaea (four
different Sulfolobales and Aeropyrum pernix), Psi35 in pre-tRNATyr
appears to be also catalyzed by a different enzymatic system: the
box H/ACA snRNA containing the enzyme Cbf5 (COG1258,
Fig. 4C, [90]). The role of Psi35 in tRNATyr and of the Q34 derivatives
in the tRNA decoding Tyr, His, Asn and Asp is reviewed in Namy
et al. [91]. In short, as far as the eukaryotic tRNATyr is concerned,
the Psi35 modiﬁcation allows miscoding of the UAG3 stop codon,
and the Q34 modiﬁcation of the same tRNATyr (as well as release
factors eRF1) counteracts the property of Psi35.
While triplets UAA3 and UAG3 are generally used as stop codons
in the nuclear code, they are translated as Gln in some organisms
belonging to ciliate genera (protozoan), as Tetrahymena, Parame-
cium, Oxytrichia and unicellular green algae as Acetabularia spp.,
leaving UGA as the only functional stop codon (see Fig. 2 in [92]).
In Tetrahymena thermophila, two new species of tRNAGln, distinct
from those needed to decode the canonical Gln-codons CAA3/G3,
were identiﬁed. One harboring an anticodon Um34UA complemen-tary to UAA3, the second harboring an anticodon CUA (with C34
apparently not modiﬁed) complementary to UAG [93]. Methylation
of hydroxyl group of ribose of U34 is probably mediated by eTrm7p
or a close homologue. This modiﬁcation would favour decoding of
UAA3 over UAG3. Moreover, secondary mutations in the primary
sequence (domain 1) of termination factor eRF1 of T. thermophila
(indicated by eRF**1 in Fig. 4C) changing its speciﬁcity for the sole
UGA stop codon, also contribute to the reassignment of UAA3/UAG3
as sense codons for Gln [77,78,94].5. Decoding synonymous codons in the three domains of life: an
evolutionary convergent adaptive process
5.1. Decoding 2-fold degenerate synonymous codons
In mixed amino acids decoding boxes (white background in
Figs. 1A and 3A), pyrimidine-ending codons are often read by
tRNAs harboring a modiﬁed G34. In tRNAPhe, this G is usually mod-
iﬁed to 20-O-methyl-G34 (Gm34) by Trm7p in eukaryotes [65] and
probably by YibK homolog [9] in some eubacteria (as in B. subtilis
for example). For tRNAs speciﬁc for Tyr, His, Asn and Asp, various
types of Q34 derivatives (see above) are found depending on the
position of the organisms in the tree of life (Figs. 1, 2 and Supple-
mentary Figs. SS5–SS8). For tRNACys and tRNASer of the duet boxes,
an unmodiﬁed G34 is always found. However in these cases, they
are ﬂanked with a modiﬁed pyrimidine at position 32 of anticodon
loop: a pseudouridine (Psi32 catalyzed by RluA [95a]) as in E. coli
tRNACys or a 2-thiolated cytidine (s2C32 catalyzed by TtcA [95b])
as in E. coli tRNASer. These modiﬁcations of wobble G34, together
with other modiﬁcations in the anticodon loop and stem of tRNA
(as N32, N37–N39, not discussed here, see however [50,55–57])
guarantee a better discrimination between cognate pyrimidine-
ending and non-cognate purine-ending codons corresponding to
another amino acid, a situation that is reminiscent of the one dis-
cussed above in the case of mixed codon boxes for Ile/Met, Cys/
Stop/Trp and Tyr/Stop-or-Gln.
The purine-ending codons of the same mixed amino acids
decoding boxes are read by either a single U34-containing tRNA
or by a combination of two isoacceptor tRNAs harboring U34 and
C34, respectively (strategy #1 or #2 in Fig. 3A). In E. coli (probably
in majority of – if not all – bacteria) and most mitochondria, U34-
containing tRNAs speciﬁc for Gln, Lys, Glu, Arg (box AGA3/G3)
and Leu (box UUA3/G3) all harbor a 5-iminomethyl-U34 derivatives
(Xnm5U34 where X can be hydrogen = nm5U, most often a methyl
group = mnm5U or an acetyl group = cmnm5U, Figs. 2, 5A,
Figs. SS6 and SS8, see also Fig. 1 in [32]). One exception is for
E. coli tRNAGly (anticodon U*CC) of the quartet boxes which harbors
the same (c)mnm5U34 as of U34-containing tRNAs of the duet boxes
(Fig. SS6). Depending on the bacteria, the insertion of these modi-
ﬁcations requires the activity of three to ﬁve distinct enzymes and
several cofactors (reviewed in [6]).
In the corresponding cytosolic tRNAs of S. cerevisiae (possibly in
majority of – if not all – eukaryotes), the wobble base U34 are mod-
iﬁed to different derivatives (5-carbonylmethyl-U34 or Xcm5U34)
where X correspond to –OCH3 (=mcm5U) or an amine group
(=ncm5U) (Figs. 2, 5B and Fig. SS7, see also Fig. 7 in [96]). The en-
zymes involved in the formation of these eukaryotic types of U34
modiﬁcations are phylogenetically unrelated to the bacterial ones
catalyzing different types of reactions [97]. The precise chemical
structure of the C5-adducts in the homologous archaeal U34-con-
taining tRNAs is not yet known, however it seems to be closely re-
lated to eukaryotic types (discussed in [22]).
The only common posttranscriptional modiﬁcation found in
U34-containing tRNAs belonging to the 2-fold degenerate codon
family boxes in all domains is the thio group (sometimes a seleno
Fig. 5. (A–C) Characteristic uridine-34 modiﬁcations. Among all modiﬁed nucleo-
sides identiﬁed so far, those present at the wobble position of tRNAs is by far the
most diversiﬁed ones. However, the type of chemical adducts at carbon-5 of uracil
ring, the thio-group replacing oxygen in position 2 of uracil ring and presence of
methylation at 20-hydroxyl group of ribose are very much depending on the type of
tRNA, (mainly those belonging to either the 2-codon set, see Fig 1A) and of the
organism they were found. The large panoply of enzymes implicated in such
hypermodiﬁcation of U34 are not mentioned in the ﬁgure but can be found from the
references cited in text. Lacking from the ﬁgure are mostly the type of U34
modiﬁcation in archaeal tRNAs (comments in text).
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oxygen at position 2 of the uracil ring (Xnm5s2U/Xnm5se2U and
Xcm5s2U/Xcm5se2U) in tRNAs speciﬁc for Gln, Lys and Glu, and a
methyl group on the 20-hydroxyl of ribose of uridine-34 for tRNALeu
(anticodon U*AA, where U* is cmnm5Um in E. coli and Mycoplasma
capricolum or ncm5Um in S. cerevisiae, Fig. 5A and B, compare
Figs. SS6–SS8). However, the corresponding modiﬁcation machin-
ery are different in Bacteria and Eukarya/Archaea and phylogenet-
ically unrelated (reviewed in [98]). The E. coli tRNAArg of the duet
box is not thiolated at U34 (it harbors a simple mnm5U34), however
it is thiolated at C32 (s2C32, as in tRNASer of the neighboring duet
box – see above).
These various enzymatic modiﬁcations of nucleotides in the
anticodon loop and particularly of the wobble U34, allow the result-
ing mature functional tRNAs to decode only purine-ending codons,
with a strong preference for A-ending codons (functional conver-
gent type of evolution, more details are in [2,33,34,82,96]). In sev-
eral bacteria, a second C34-containing tRNA is also present (C34
usually not modiﬁed) to help more efﬁcient decoding of the second
synonymous codon NNG3 (no wobbling).
5.2. Decoding 4-fold degenerate synonymous codons
Post-transcriptional modiﬁcation of U34 is not exclusive to the
tRNA decoders of the mixed decoding boxes. As stated above,(c)mnm5U34 is also present in U34-containing tRNAGly (U*CC) of
E. coli (eubacteria and some organelles), while in S. cerevisiae U34
in tRNAGly is modiﬁed to mcm5U34, as U34 in S. cerevisiae tRNAArg
of the neighboring duet box (Fig. SS7). However, in tRNAs speciﬁc
for Leu (box CUN3), Val, Ser, Pro, Thr, Ala of majority of Bacteria
(but not in Mycoplasma), a third type of U34 derivatives (Xo5U34)
is present (Fig. 5C, Fig. SS6), again involving a panoply of distinct
enzymes for its synthesis [32,99]. In the cytoplasmic U34-contain-
ing tRNAs coding for the same amino acids Val, Ser, Pro, Thr and
Ala in S. cerevisiae, a characteristic ncm5U34 is found instead
(Fig. 5B), while U34 in tRNALeu (box CUN3) is not modiﬁed (Fig. SS7).
In Mycoplasma (as in mitochondria), U34 of tRNAs belonging to
the quartet boxes are usually not modiﬁed, while the wobble uri-
dine of all tRNAs belonging to the duet decoding boxes are invari-
ably modiﬁed (see above, Fig. SS8 and [9]). Remarkably,
modiﬁcation at the C2 atom of U34 (e.g. formation of s2U

34 deriva-
tives) or at the 20-hydroxyl of ribose at position 34 (formation of
U*m34), as often found in tRNAs belonging to the duet synonymous
codon family boxes (see above), are always absent in all tRNAs
belonging to the 4-synonymous codon family boxes and examined
so far. This allows tRNAs of the latter categories to be less stringent
for the type of base at the third wobble position of codons than the
former harboring ‘doubly’ modiﬁed U34 [100]. Also, in contrast with
decoding systems that use a single non-modiﬁed U34-containing
tRNAs to decipher the 4-fold degenerated synonymous codons
(sparing strategy #4, Fig. SS8), the use of modiﬁed U34-tRNAs (U*
as summarized in Fig. 5) is always associatedwith other isoacceptor
tRNA(s) speciﬁc for the same amino acid (sparing strategy #1 or
#2): a G34-containing tRNA and eventually a third C34-containing
tRNA (Figs. SS6 and SS7). Altogether these isoacceptor tRNAs har-
boring distinct anticodons allow a more efﬁcient translation of
the synonymous codons in mRNAs (discussed in [101,102]). The
other important aspect of mRNA decoding is the adequacy between
the frequencies of each individual sense codons in mRNAs (espe-
cially in highly expressed mRNAs) and the relative amount, in term
of cellular concentration and accessibility to the protein synthesis
machinery, of each individual isoacceptor tRNAs of the whole cellu-
lar repertoire (not discussed here, for details see [103–107]).
In summary, accurate decoding of synonymous codons of the
different amino acids is universally and strictly dependent on the
existence of an impressive collection of very different tRNA modi-
ﬁcation enzymes acting at the wobble position of tRNAs (mainly
U34 and G34, Fig. 2). These enzymes and the types of chemical mod-
iﬁcations they catalyze depend of the organism considered, attest-
ing they have been acquired progressively and independently in
different phyla, possibly concomitantly with the later additions
in the set of 20 amino acids used in the contemporaneous nuclear
genetic code.6. Conclusion
Comparing decoding strategies deduced from the analysis of the
tRNA repertoire in the three domains of life unearthed universal
rules of the decoding system as well as particularities that have
evolved in a given kingdom, phylum or organism. Four main
decoding strategies diversely used in Bacteria, Archaea and Euk-
arya were revealed. One prevalent trend is the dominant usage of
tRNAs bearing the wobble base U34 for decoding synonymous co-
dons of the unsplit quartet codon boxes. Similarly, the tRNA cou-
ples bearing the wobble bases U34 or G34, respectively, are
universally required to decode the full set of purine-ending and
pyrimidine-ending codons of the split (2/2) codon boxes in the
three domains.
Posttranscriptional modiﬁcations of tRNAs, particularly at the
wobble position N34 of anticodon, play a central role in reading
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‘cross-box’ misreading) and efﬁcacy (increasing translation rates
and avoiding frameshifts) are very much depending on speciﬁc
tRNA modiﬁcation enzymes transforming genetically encoded
canonical A, C, G, U nucleotides of the precursor tRNA transcripts
into a large variety of chemically altered derivatives with innova-
tive structural and decoding potentialities (Figs. 1C and 2), for re-
views see [3,6,56,91,108]. In contrast with the wobble base U34
of tRNAs decoding synonymous codons of the unsplit 4-codon
boxes that can be unmodiﬁed (sparing strategy # 4), the same
U34 base of tRNAs decoding the split (2/2) codon boxes (for Gln,
Lys, Glu, Leu-CAR3, Arg-AGR3, R stands for purine) are, without
exception, always chemically modiﬁed (Fig. 5). This trend applies
also to the wobble base G34 of tRNAs decoding pyrimidine-ending
codons of the same split (2/2) codon boxes (for Tyr, His, Asn, Asp
and Phe) and C34 of the split (3/1) codon boxes (for Met, Trp,
Fig. 4). Remarkably, many of these modiﬁcations are present only
in speciﬁc domains, or follow an even narrower taxonomic distri-
bution (Fig. 1C, [5,7,15,16,18]).
Because the decoding capacity and the presence of speciﬁc
modiﬁcations at wobble N34 are tightly interdependent, the amaz-
ing diversity observed in modiﬁcations of extant tRNAs of Bacteria,
Archaea and Eukarya suggests that at early stage in evolution, less
than 20 amino acids were used and that their codon assignments
were obviously not frozen [109a]. Instead, the primordial code
encompassing four canonical nucleotides (thus 64 codons) was
probably read inefﬁciently by a minimalist tRNA repertoire with
relax and possibly ambiguous decoding properties that were nev-
ertheless compatible with cell viability and propagation [109b].
The set of core amino acids with aliphatic, hydroxyl and positively
charged side chains, such as Gly, Ala, Leu, Val, Pro, Ser, Thr, Asp and
Glu, that are widely accepted as primordial, possibly naturally
occurring amino acids (see for examples [110–113] and references
therein), were probably all assigned within a generalized fourfold
degenerate code (sparing strategy # 3, Fig. 3A). This simpler trans-
lational decoding system that depended less on N34 modiﬁcation
enzymes, could easily have existed before the split into the three
extant domains of life (see for examples [114–116]). Only later,
were some of the primordial four codon boxes split into (2/2)
and (3/1) alternatives (discussed in [108]) to introduce new cata-
lytically versatile amino acids into the cellular proteome (like
His, Lys, Met, Cys, or Trp). The splitting of decoding boxes lead to
inherent accuracy and speciﬁcity problems. These were solved
using two major strategies. First, by the duplication of genes cod-
ing for additional isoacceptor tRNAs (expansion of the tRNA reper-
toire from decoding strategy #3 to strategy #2 and ﬁnally strategy
#1). Second, by the simultaneous introduction of new posttran-
scriptional chemistries and the invention of had hoc RNA modiﬁca-
tion enzymes. Even if cases of orthologous genes displacements
cannot be ruled out, our analysis suggests that many N34 modiﬁca-
tion enzymes evolved after the divergence of the three domains.
Indeed, phylogenetically unrelated enzymes are used in different
organisms to catalyze formation of a given modiﬁcation at wobble
U34 or G34 of tRNAs belonging to the split (2/2 and 3/1) codon
boxes. In addition, cases of functional convergent evolution are
plentiful with identical N34 chemical modiﬁcations introduced in
a given isoacceptor tRNA by different enzymes in different organ-
isms (Figs. 4 and 5).
We believe that the driving force and selective pressure that
lead to having identical codons assigned to the same amino acids
independently after the domain split was the necessity to
‘‘communicate”, e.g. use the same proteome and exchange genetic
information based on the same code [117–119]. Organisms with
non-standard or exchangeable genetic code were probably pro-
gressively eliminated. Hence it is only by a subtle and stepwise
co-adaptation of the different elements of the translationmachinery(genetic code, amino acids, tRNAs, amino acyl-tRNA synthetases,
t + r + mRNA modiﬁcation enzymes and termination-release-fac-
tors, to cite only the major elements) and the requirement for ge-
netic exchange within a community of interdependent cells, that a
complex, standardized and quasi-universal genetic code as we
know to date was able to evolve.
Because of the multiple biochemical and physical constraints in
decoding accurately mRNAs in modern cells, any codon reassign-
ment, or introduction of new amino acids (such as selenocysteine
or pyrrolysine not discussed here – for reviews see [120–122]) is
trickier. While the genetic code was probably never frozen, in prac-
tice it appears nowadays very reluctant to change. Limited devia-
tions to the universal code are found nevertheless in Candida
(Leu > Ser), certain Euplotes (Stop > Gln, Stop > Trp or Cys), Molli-
cutes (Stop > Trp) and mitochondria (many different types of
changes, for reviews see [24–26]). These reassignments required
the gain or loss of a modiﬁcation enzymes (like TilS or Pus1p,
Fig. 4A), with the concomitant reorganization of anticodon stem-
loop (such as the use of G32, G33 or C33 instead of C32/U32 or U33
in anticodon loop, or s2C32 in tRNASer/Arg) and/or change of codon
speciﬁcity of a release factor (RF2 in bacteria, eRF1 in eukaryotes,
Fig. 4B and C). These codon reassignments could have been driven
by speciﬁc physiological constraints or particular ecological niches
allowing the cells to become less dependent on a collective meta-
population of interdependent, eventually multi-cellular living cells.
It could also have been a way for a lineage to create a biological
barrier, thus limiting the possibility of genetic exchange with the
risk of becoming ‘isolated’ and eventually disappear. The use of a
slightly variant code may also act as a powerful antiviral strategy
[123]. The case of mitochondria is interesting: here the repertoire
of tRNAs can be minimalist and far less modiﬁed than the cytoplas-
mic tRNA counterparts and changes in codon reassignments ap-
pear more frequently than for the nuclear code (Ref. [123]). This
simpliﬁed translation system, characteristic of many mitochondria
and also found in some Mollicutes [9], is probably not as efﬁcient
or precise as the ‘standard’ nuclear translation system (discussed
in [124]). This situation could be reminiscent of the primordial ge-
netic code and may consist an example of a non-collective ‘‘retro-
grade” evolution.
Finally, our model of progressive expansion and standardization
of the genetic code is not in opposition but complementary to pre-
vious models on the very early emergence and progressive elabo-
ration of a genetic code based on amino acid physicochemical
properties, amino acids biosynthetic pathways, G + C pressure,
transcriptional constraints at the DNA level, minimization of trans-
lational errors (for details see for examples [125–131]).
In conclusion, deciphering the genetic code is a highly evolu-
tionary adaptive process, and the introduction of additional amino
acids into the code, especially those of the mixed amino acids
decoding boxes, has co-evolved with the progressive acquisition
of genes coding for tRNA modiﬁcation enzymes acting mainly at
the wobble nucleotide N34 of anticodon. The near universal codon
assignment of the present-day genetic code could be in part a re-
sult of the need cells had (and still have) to communicate using a
common genetic language.
Acknowledgements
This work was supported by the National Science foundation
(MCB-05169448) and by the National Institutes of Health (R01
GM70641-01) to V.dC. H.G. hold a position of Emeritus Scientist
at the University of Paris-XI, in the laboratory of Prof. Jean-Pierre
Rousset and Dr. Olivier Namy, with whom we regularly discussing
about genetic code and translation process. This review article is
dedicated to our colleague and friend Nicolas Glansdorff who re-
cently deceeded accidently [132].
262 H. Grosjean et al. / FEBS Letters 584 (2010) 252–264Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2009.11.052.
References
[1] Crick, F.H. (1966) Codon–anticodon pairing: the wobble hypothesis. J. Mol.
Biol. 19, 548–555.
[2] Agris, P.F. (1991) Wobble position modiﬁed nucleosides evolved to select
transfer RNA codon recognition: a modiﬁed-wobble hypothesis. Biochimie
73, 1345–1349.
[3] Agris, P.F. (2004) Decoding the genome: a modiﬁed view. Nucleic Acids Res.
32, 223–238.
[4] Marck, C. and Grosjean, H. (2002) tRNomics: analysis of tRNA genes from 50
genomes of Eukarya, Archaea, and Bacteria reveals anticodon-sparing
strategies and domain- speciﬁc features. RNA 8, 1189–1232.
[5] Grosjean, H., Sprinzl, M. and Steinberg, S. (1995) Posttranscriptionally
modiﬁed nucleosides in transfer RNA: their locations and frequencies.
Biochimie 77, 139–141.
[6] Björk, G.R. and Hagervall, T.G. (2005) Transfer RNA modiﬁcation. In: Bock, A.,
Curtis, R., Kaper, J.B., Neidhardt, T., Nystrom, T. and Squires, C. (Eds.),
Escherichia coli and Salmonella. Washington, DC, USA.
[7] Grosjean, H. (2009) Nucleic acids are not boring long polymers of only four
types of nucleotides: a guided tour. In: Grosjean, H. (Ed.), DNA and RNA
Modiﬁcation Enzymes: Structure, Mechanism, Function and Evolution.
Landes Bioscience, Texas, USA, pp. 1–18. <http://www.landesbioscience.
com/curiechapter/4170/>.
[8] Marck, C., Kachouri-Lafond, R., Lafontaine, I., Westhof, E., Dujon, B. and
Grosjean, H. (2006) The RNA polymerase III-dependent family of genes in
hemiascomycetes: comparative RNomics, decoding strategies, transcription
and evolutionary implications. Nucleic Acids Res. 34, 1816–1835.
[9] de Crécy-Lagard, V., Marck, C., Brochier-Armanet, C. and Grosjean, H. (2007)
Comparative RNomics and Modomics in Mollicutes: prediction of gene
function and evolutionary implications. IUBMB Life 59, 634–658.
[10] Lowe, T.M. and Eddy, S.R. (1997) tRNAscan-SE: a program for improved
detection of transfer RNA genes in genomic sequence. Nucleic Acids Res. 25,
955–964.
[11] Abe, T. et al. (2009) tRNADB-CE: tRNA gene database curated manually by
experts. Nucleic Acids Res. 37, D163–D168.
[12] Randau, L., Calvin, K., Hall, M., Yuan, J., Podar, M., Li, H. and Söll, D. (2005) The
heteromeric Nanoarchaeum equitans splicing endonuclease cleaves
noncanonical bulge-helix-bulge motifs of joined tRNA halves. Proc. Natl.
Acad. Sci. USA 102, 17934–17939.
[13] Soma, A., Onodera, A., Sugahara, J., Kanai, A., Yachie, N., Tomita, M.,
Kawamura, F. and Sekine, Y. (2007) Permuted tRNA genes expressed via a
circular RNA intermediate in Cyanidioschyzon merolae. Science 318, 450–453.
[14] Sugahara, J., Yachie, N., Arakawa, K. and Tomita, M. (2007) In silico screening
of archaeal tRNA-encoding genes having multiple introns with bulge-helix-
bulge splicing motifs. RNA 13, 671–681.
[15] (a) Rozenski, J., Crain, P.F. and McCloskey, J.A. (1999) The RNA Modiﬁcation
Database: 1999 update. Nucleic Acids Res. 27, 196–197;
(b) McCloskey, J.A. and Rozenski, J. (2005) The small subunit rRNA
modiﬁcation database. Nucleic Acids Res. 33, D135–D138.
[16] Grosjean, H., Gupta, R. and Maxwell, E.S. (2008) Modiﬁed nucleotides in
Archaeal RNAs in: Archaea, New Models for Prokaryotic Biology (Blum, P.,
Ed.), pp. 171–196, Caister Academic Press, Norfolk, UK.
[17] McCloskey, J.A., Graham, D.E., Zhou, S., Crain, P.F., Ibba, M., Konisky, J., Söll, D.
and Olsen, G.J. (2001) Post-transcriptional modiﬁcation in archaeal tRNAs:
identities and phylogenetic relations of nucleotides from mesophilic and
hyperthermophilic Methanococcales. Nucleic Acids Res. 29, 4699–4706.
[18] Czerwoniec, A., Dunin-Horkawicz, S., Purta, E., Kaminska, K.H., Kasprzak, J.M.,
Bujnicki, J.M., Grosjean, H. and Rother, K. (2009) MODOMICS: a database of
RNA modiﬁcation pathways. 2008 update. Nucleic Acids Res. 37, D118–D121.
[19] Bujnicki, J.M., Droogmans, L., Grosjean, H., Purushothaman, S.K. and Lapeyre, B.
(2004) Bioinformatics-guided identiﬁcationandexperimental characterization
of novel RNA methyltransferases in: Practical Bioinformatics (Bujnicki, J.M.,
Ed.), pp. 139–168, Springer-Verlag, Berlin, Germany.
[20] de Crécy-Lagard, V. (2007) Identiﬁcation of genes encoding tRNAmodiﬁcation
enzymes by comparative genomics. Methods Enzymol. 425, 153–183.
[21] Kaminska, K.H., Baraniak, U., Boniecki, M., Nowaczyk, K., Czerwoniec, A. and
Bujnicki, J.M. (2008) Structural bioinformatics analysis of enzymes involved
in the biosynthesis pathway of the hypermodiﬁed nucleoside ms2io6A37 in
tRNA. Proteins 70, 1–18.
[22] Grosjean, H., Gaspin, C., Marck, C., Decatur, W.A. and de Crécy-Lagard, V.
(2008) RNomics and Modomics in the halophilic archaea Haloferax volcanii:
identiﬁcation of RNA modiﬁcation genes. BMC Genom. 9, 470–495.
[23] de Crécy-Lagard, V., Brochier-Armanet, C., Urbonavicius, J., Fernandez, B.,
Phillips, G., Lyons, B., Alvarez, S., Droogmans, L., Armengaud, J. and Grosjean,
H. (submitted for publication) Biosynthesis of wyosine derivatives in tRNA:
an ancient but highly adaptative pathway in Archaea.
[24] Yokobori, S., Suzuki, T. and Watanabe, K. (2001) Genetic code variations in
mitochondria: tRNA as a major determinant of genetic code plasticity. J. Mol.
Evol. 53, 314–326.[25] Sengupta, S., Yang, X. and Higgs, P.G. (2007) The mechanisms of codon
reassignments in mitochondrial genetic codes. J. Mol. Evol. 64, 662–688.
[26] Carullo, M. and Xia, X. (2008) An extensive study of mutation and selection
on the wobble nucleotide in tRNA anticodons in fungal mitochondrial
genomes. J. Mol. Evol. 66, 484–493.
[27] Murphy, F.V.T. and Ramakrishnan, V. (2004) Structure of a purine-purine
wobble base pair in the decoding center of the ribosome. Nat. Struct. Mol.
Biol. 11, 1251–1252.
[28] Lim, V.I. (1995) Analysis of action of the wobble adenine on codon reading
within the ribosome. J. Mol. Biol. 252, 277–282.
[29] Curran, J.F. (1998) Modiﬁed nucleosides in translation in: Modiﬁcation and
Editing of RNA (Grosjean, H., Ed.), pp. 493–516, ASM Press, Washington, DC,
USA.
[30] Bören, T., Elias, P., Samuelsson, T., Claesson, C., Barciszewska, M., Gehrke,
C.W., Kuo, K.C. and Lustig, F. (1993) Undiscriminating codon reading with
adenosine in the wobble position. J. Mol. Biol. 230, 739–749.
[31] Curran, J.F. (1995) Decoding with the A:I wobble pair is inefﬁcient. Nucleic
Acids Res. 23, 683–688.
[32] Näsvall, S.J., Chen, P. and Björk, G.R. (2007) The wobble hypothesis revisited:
uridine-5-oxyacetic acid is critical for reading of G-ending codons. RNA 13,
2151–2164.
[33] Kurata, S. et al. (2008) Modiﬁed uridines with C5-methylene substituents at
the ﬁrst position of the tRNA anticodon stabilize U.G wobble pairing during
decoding. J. Biol. Chem. 283, 18801–18811.
[34] Takai, K. and Yokoyama, S. (2003) Roles of 5-substituents of tRNA wobble
uridines in the recognition of purine-ending codons. Nucleic Acids Res. 31,
6383–6391.
[35] Lagerkvist, U. (1986) Unconventional methods in codon reading. Bioessays 4,
223–226.
[36] Osawa, S., Jukes, T.H., Watanabe, K. and Muto, A. (1992) Recent evidence for
evolution of the genetic code. Microbiol. Rev. 56, 229–264.
[37] Rogalski, M., Karcher, D. and Böck, R. (2008) Superwobbling facilitates
translation with reduced tRNA sets. Nat. Struct. Mol. Biol. 15, 192–198.
[38] Claesson, C., Lustig, F., Bören, T., Simonsson, C., Barciszewska, M. and
Lagerkvist, U. (1995) Glycine codon discrimination and the nucleotide in
position 32 of the anticodon loop. J. Mol. Biol. 247, 191–196.
[39] Osawa, S., Muto, A., Ohama, T., Andachi, Y., Tanaka, R. and Yamao, F. (1990)
Prokaryotic genetic code. Experientia 46, 1097–1106.
[40] Helm, M., Brule, H., Friede, D., Giegé, R., Pütz, D. and Florentz, C. (2000) Search
for characteristic structural features of mammalian mitochondrial tRNAs.
RNA 6, 1356–1379.
[41] Tarassov, I., Kamenski, P., Kolesnikova, O., Karicheva, O., Martin, R.P.,
Krasheninnikov, I.A. and Entelis, N. (2007) Import of nuclear DNA-encoded
RNAs into mitochondria and mitochondrial translation. Cell Cycle 6, 2473–
2477.
[42] Alfonzo, J.D. and Söll, D. (2009) Mitochondrial tRNA import—the challenge to
understand has just begun. Biol. Chem. 390, 717–722.
[43] Wolf, J., Gerber, A.P. and Keller, W. (2002) tadA, an essential tRNA-speciﬁc
adenosine deaminase from Escherichia coli. EMBO J. 21, 3841–3851.
[44] Oba, T., Andachi, Y., Muto, A. and Osawa, S. (1991) CGG: an unassigned or
nonsense codon inMycoplasma capricolum. Proc. Natl. Acad. Sci. USA 88, 921–
925.
[45] Gerber, A.P. and Keller, W. (2001) RNA editing by base deamination: more
enzymes, more targets, new mysteries. Trends Biochem. Sci. 26, 376–384.
[46] Alfonzo, J.A. and Papavasiliou, N.F. (2008) Transfer RNA editing enzymes: at
the crossroads of afﬁnity and speciﬁcity in: RNA and DNA Editing: Molecular
Mechanism and their Integration in Biological Systems (Smith, H.C., Ed.), pp.
123–145, John Wiley and Sons, Hoboken, NJ, USA.
[47] Auxilien, S., Crain, P.F., Trewyn, R.W. and Grosjean, H. (1996) Mechanism,
speciﬁcity and general properties of the yeast enzyme catalysing the
formation of inosine 34 in the anticodon of transfer RNA. J. Mol. Biol. 262,
437–458.
[48] Chen, P., Qian, Q., Zhang, S., Isaksson, L.A. and Björk, G.R. (2002) A cytosolic
tRNA with an unmodiﬁed adenosine in the wobble position reads a codon
ending with the non-complementary nucleoside cytidine. J. Mol. Biol. 317,
481–492.
[49] Santos, M.A., Ueda, T., Watanabe, K. and Tuite, M.F. (1997) The non-standard
genetic code of Candida spp.: an evolving genetic code or a novel mechanism
for adaptation? Mol. Microbiol. 26, 423–431.
[50] Olejniczak, M. and Uhlenbeck, O.C. (2006) tRNA residues that have coevolved
with their anticodon to ensure uniform and accurate codon recognition.
Biochimie 88, 943–950.
[51] Perreau, V.M., Keith, G., Holmes, W.M., Przykorska, A., Santos, M.A. and Tuite,
M.F. (1999) The Candida albicans CUG-decoding ser-tRNA has an atypical
anticodon stem-loop structure. J. Mol. Biol. 293, 1039–1053.
[52] Ninio, J. (1971) Codon–anticodon recognition: the missing triplet hypothesis.
J. Mol. Biol. 56, 63–74.
[53] Weissenbach, J., Dirheimer, G., Falcoff, R., Sanceau, J. and Falcoff, E. (1977)
Yeast tRNALeu (anticodon UAG) translates all six leucine codons in extracts
from interferon treated cells. FEBS Lett. 82, 71–76.
[54] Motorin, Y. and Grosjean, H. (1999) Multisite-speciﬁc tRNA:m5C-
methyltransferase (Trm4) in yeast Saccharomyces cerevisiae: identiﬁcation
of the gene and substrate speciﬁcity of the enzyme. RNA 5, 1105–1118.
[55] Yarus, M. (1982) Translational efﬁciency of transfer RNA’s: uses of an
extended anticodon. Science 218, 646–652.
H. Grosjean et al. / FEBS Letters 584 (2010) 252–264 263[56] Buckingham, R.H. and Grosjean, H. (1986) The accuracy of mRNA-tRNA
recognition in: Accuracy in Molecular Processes: Its Control and Relevance to
Living Systems (Kirkwood, T.B.L., Rosenberger, R.F. and Galas, D.J., Eds.), pp.
83–126, Chapman and Hall, New York, NY, USA.
[57] Gustilo, E.M., Vendeix, F.A. and Agris, P.F. (2008) tRNA’s modiﬁcations bring
order to gene expression. Curr. Opin. Microbiol. 11, 134–140.
[58] Szweykowska-Kulinska, Z., Senger, B., Keith, G., Fasiolo, F. and Grosjean, H.
(1994) Intron-dependent formation of pseudouridines in the anticodon of
Saccharomyces cerevisiae minor tRNA-Ile. EMBO J. 13, 4636–4644.
[59] Motorin, Y., Keith, G., Simon, C., Foiret, D., Simos, G., Hurt, E. and Grosjean, H.
(1998) The yeast tRNA:pseudouridine synthase Pus1p displays a multisite
substrate speciﬁcity. RNA 4, 856–869.
[60] Silva, F.J., Belda, E. and Talens, S.E. (2006) Differential annotation of tRNA
genes with anticodon CAT in bacterial genomes. Nucleic Acids Res. 34, 6015–
6022.
[61] Muramatsu, T., Nishikawa, K., Nemoto, F., Kuchino, Y., Nishimura, S.,
Miyazawa, T. and Yokoyama, S. (1988) Codon and amino-acid speciﬁcities
of a transfer RNA are both converted by a single post-transcriptional
modiﬁcation. Nature 336, 179–181.
[62] Soma, A., Ikeuchi, Y., Kanemasa, S., Kobayashi, K., Ogasawara, N., Ote, T., Kato,
J., Watanabe, K., Sekine, Y. and Suzuki, T. (2003) An RNA-modifying enzyme
that governs both the codon and amino acid speciﬁcities of isoleucine tRNA.
Mol. Cell 12, 689–698.
[63] Köhrer, C., Srinivasan, G., Mandal, D., Mallick, B., Ghosh, Z., Chakrabarti, J. and
Rajbhandary, U.L. (2008) Identiﬁcation and characterization of a tRNA
decoding the rare AUA codon in Haloarcula marismortui. RNA 14, 117–126.
[64] Chimnaronk, S., Suzuki, T., Manita, T., Ikeuchi, Y., Yao, M. and Tanaka, I. (2009)
RNA helicase module in an acetyltransferase that modiﬁes a speciﬁc tRNA
anticodon. EMBO J. 28, 1362–1373.
[65] Pintard, L., Lecointe, F., Bujnicki, J.M., Bonnerot, C., Grosjean, H. and Lapeyre,
B. (2002) Trm7p catalyses the formation of two 20-O-methylriboses in yeast
tRNA anticodon loop. EMBO J. 21, 1811–1820.
[66] Clouet d’Orval, B., Bortolin, M.L., Gaspin, C. and Bachellerie, J.P. (2001) Box C/
D RNA guides for the ribose methylation of archaeal tRNAs. The tRNA-Trp
intron guides the formation of two ribose-methylated nucleosides in the
mature tRNA-Trp. Nucleic Acids Res. 29, 4518–4529.
[67] Kawai, G., Hashizume, T., Miyazawa, T., McCloskey, J.A. and Yokoyama, S.
(1989) Conformational characteristics of 4-acetylcytidine found in tRNA.
Nucleic Acids Symp. Ser., 61–62.
[68] Kawai, G., Kawai, G., Yamamoto, Y., Kamimura, T., Masegi, T., Sekine, M., Hata,
T., Iimori, T., Watanabe, T., Miyazawa, T. and Yokoyama, S. (1992)
Conformational rigidity of speciﬁc pyrimidine residues in tRNA arises from
posttranscriptional modiﬁcations that enhance steric interaction between
the base and the 20-hydroxyl group. Biochemistry 31, 1040–1046.
[69] Stern, L. and Schulman, L.H. (1977) Role of anticodon bases in aminoacylation
of Escherichia coli methionine transfer RNAs. J. Biol. Chem. 252, 6403–6408.
[70] Takemoto, C., Spremulli, L.L., Benkowski, L.A., Ueda, T., Yokogawa, T. and
Watanabe, K. (2009) Unconventional decodin5g of the AUA codon as
methionine by mitochondrial tRNA-Met with the anticodon f5CAU as
revealed with a mitochondrial in vitro translation system. Nucleic Acids
Res. 37, 1616–1627.
[71] Kisselev, L.L. and Buckingham, R.H. (2000) Translational termination comes
of age. Trends Biochem. Sci. 25, 561–566.
[72] Noble, C.G. and Song, H. (2008) Structural studies of elongation and release
factors. Cell Mol. Life Sci. 65, 1335–1346.
[73] Singh, S.K., Gurha, P., Tran, E.J., Maxwell, E.S. and Gupta, R. (2004) Sequential
20-O-methylation of archaeal pre-tRNA-Trp nucleotides is guided by the
intron-encoded but trans-acting box C/D ribonucleoprotein of pre-tRNA. J.
Biol. Chem. 279, 47661–47671.
[74] Inagaki, Y., Bessho, Y. and Osawa, S. (1993) Lack of peptide-release activity
responding to codon UGA in Mycoplasma capricolum. Nucleic Acids Res. 21,
1335–1338.
[75] Ohama, T., Inagaki, Y., Bessho, Y. and Osawa, S. (2008) Evolving genetic code.
Proc. Jpn. Acad. Ser. B: Phys. Biol. Sci. 84, 58–74.
[76] Inagaki, Y. and Doolittle, W.F. (2001) Class I release factors in ciliates with
variant genetic codes. Nucleic Acids Res. 29, 921–927.
[77] Lozupone, C.A., Knight, R.D. and Landweber, L.F. (2001) The molecular basis of
nuclear genetic code change in ciliates. Curr. Biol. 11, 65–74.
[78] Salas-Marco, J., Fan-Minogue, H., Kallmeyer, A.K., Klobutcher, L.A., Farabaugh,
P.J. and Bedwell, D.M. (2006) Distinct paths to stop codon reassignment by
the variant-code organisms Tetrahymena and Euplotes. Mol. Cell. Biol. 26,
438–447.
[79] Lekomtsev, S., Kolosov, P., Bidou, L., Frolova, L., Rousset, J.P. and Kisselev, L.
(2007) Different modes of stop codon restriction by the Stylonychia and
Paramecium eRF1 translation termination factors. Proc. Natl. Acad. Sci. USA
104, 10824–10829.
[80] Andachi, Y., Yamao, F., Muto, A. and Osawa, S. (1989) Codon recognition
patterns as deduced from sequences of the complete set of transfer RNA
species inMycoplasma capricolum. Resemblance to mitochondria. J. Mol. Biol.
209, 37–54.
[81] Suzuki, T. (2005) Biosynthesis and function of wobble modiﬁcations in: Fine-
Tuning of RNA Functions by Modiﬁcation and Editing (Grosjean, H., Ed.), pp.
23–69, Springer-Verlag, Berlin, Germany.
[82] Lim, V.I. (1994) Analysis of action of wobble nucleoside modiﬁcations on
codon–anticodon pairing within the ribosome. J. Mol. Biol. 240, 8–19.[83] Meyer, F., Schmidt, H.J., Plumper, E., Hasilik, A., Mersmann, G., Meyer, H.E.,
Engström, A. and Heckmann, K. (1991) UGA is translated as cysteine in
pheromone 3 of Euplotes octocarinatus. Proc. Natl. Acad. Sci. USA 88, 3758–
3761.
[84] Grimm, M., Brunen-Nieweler, C., Junker, V., Heckmann, K. and Beier, H.
(1998) The hypotrichous ciliate Euplotes octocarinatushas only one type of
tRNA-Cys with GCA anticodon encoded on a single macronuclear DNA
molecule. Nucleic Acids Res. 26, 4557–4565.
[85] Kervestin, S., Frolova, L., Kisselev, L. and Jean-Jean, O. (2001) Stop codon
recognition in ciliates: Euplotes release factor does not respond to reassigned
UGA codon. EMBO Rep. 2, 680–684.
[86] Iwata-Reuyl, D. and de Crécy-Lagard, V. (2009) Enzymatic formation of the 7-
deazaguanosine hypermodiﬁed nucleosides of tRNA in: DNA and RNA
Modiﬁcation Enzymes: Structure, Mechanism, Function and Evolution
(Grosjean, H., Ed.), pp. 377–391, Landes Bioscience, Austin, TX, USA <http://
www.landesbioscience.com/curiechapter/4170/>.
[87] Iwata-Reuyl, D. (2003) Biosynthesis of the 7-deazaguanosine hypermodiﬁed
nucleosides of transfer RNA. Bioorg. Chem. 31, 24–43.
[88] Watanabe, M. et al. (1997) Biosynthesis of archaeosine, a novel derivative of
7-deazaguanosine speciﬁc to archaeal tRNA, proceeds via a pathway
involving base replacement on the tRNA polynucleotide chain. J. Biol.
Chem. 272, 20146–20151.
[89] Behm-Ansmant, I., Urban, A., Ma, X., Yu, Y.T., Motorin, Y. and Branlant, C.
(2003) The Saccharomyces cerevisiae U2 snRNA:pseudouridine-synthase
Pus7p is a novel multisite-multisubstrate RNA:Psi-synthase also acting on
tRNAs. RNA 9, 1371–1382.
[90] Muller, S., Urban, A., Hecker, A., Leclerc, F., Branlant, C. and Motorin, Y. (2009)
Deﬁciency of the tRNA-Tyr:Psi 35-synthase aPus7 in Archaea of the
Sulfolobales order might be rescued by the H/ACA sRNA-guided machinery.
Nucleic Acids Res. 37, 1308–1322.
[91] Namy, O., Lecointe, F., Grosjean, H. and Rousset, J.-P. (2005) Translational
recoding and RNA modiﬁcations in: Fine-Tuning of RNA Functions by
Modiﬁcation and Editing (Grosjean, H., Ed.), pp. 309–340, Springer-Verlag,
Berlin, Germany.
[92] Knight, R.D., Freeland, S.J. and Landweber, L.F. (2001) Rewiring the keyboard:
evolvability of the genetic code. Nat. Rev. Genet. 2, 49–58.
[93] Hanyu, N., Kuchino, Y., Nishimura, S. and Beier, H. (1986) Dramatic events in
ciliate evolution: alteration of UAA and UAG termination codons to
glutamine codons due to anticodon mutations in two Tetrahymena tRNAs.
EMBO J. 5, 1307–1311.
[94] Ito, K., Frolova, L., Seit-Nebi, A., Karamyshev, A., Kisselev, L. and Nakamura, Y.
(2002) Omnipotent decoding potential resides in eukaryotic translation
termination factor eRF1 of variant-code organisms and is modulated by the
interactions of amino acid sequences within domain 1. Proc. Natl. Acad. Sci.
USA 99, 8494–8499.
[95] (a) Wrzesinski, J., Nurse, K., Bakin, A., Lane, B.G. and Ofengand, J. (1995) A
dual-speciﬁc pseudouridine synthase: an Escherichia coli synthase puriﬁed
and cloned on the basis of its speciﬁcity for psi-746 in 23S RNA is also speciﬁc
for psi-32 in tRNA- Phe. RNA 1, 437–448;
(b) Jäger, G., Leipuviene, R., Pollard, M.G., Qian, Q. and Björk, G.R. (2004)
The conserved Cys-X1-X2-Cys motif present in the TtcA protein is required
for the thiolation of cytidine in position 32 of tRNA from Salmonella enterica
serovar Typhimurium. J. Bacteriol. 186, 750–757.
[96] Johansson, M.J., Esberg, A., Huang, B., Bjork, G.R. and Byström, A.S. (2008)
Eukaryotic wobble uridine modiﬁcations promote a functionally redundant
decoding system. Mol. Cell. Biol. 28, 3301–3312.
[97] Huang, B., Lu, J. andBystrom,A.S. (2008)Agenome-wide screen identiﬁes genes
required for formation of thewobble nucleoside 5-methoxycarbonylmethyl-2-
thiouridine in Saccharomyces cerevisiae. RNA 14, 2183–2194.
[98] Noma, A., Shigi, N. and Suzuki, T. (2009) Biogenesis and functions of thio-
compounds in tRNA: comparison of bacterial and eukaryotic thiolation
machineries in: DNA and RNA Modiﬁcation Enzymes: Structure, Mechanism,
Function and Evolution (Grosjean, H., Ed.), pp. 392–405, Landes Bioscience,
Austin, TX, USA.
[99] Nasvall, S.J., Chen, P. and Björk, G.R. (2004) The modiﬁed wobble nucleoside
uridine-5-oxyacetic acid in tRNAPro(cmo5UGG) promotes reading of all four
proline codons in vivo. RNA 10, 1662–1673.
[100] Weixlbaumer, A., Murphy, F.V., Dziergowska, A., Malkiewicz, A., Vendeix, F.A.,
Agris, P.F. and Ramakrishnan, V. (2007) Mechanism for expanding the
decoding capacity of transfer RNAs by modiﬁcation of uridines. Nat. Struct.
Mol. Biol. 14, 498–502.
[101] Rocha, E.P. (2004) Codon usage bias from tRNA’s point of view: redundancy,
specialization, and efﬁcient decoding for translation optimization. Genome
Res. 14, 2279–2286.
[102] Higgs, P.G. and Ran, W. (2008) Coevolution of codon usage and tRNA genes
leads to alternative stable states of biased codon usage. Mol. Biol. Evol. 25,
2279–2291.
[103] Dong, H., Nilsson, L. and Kurland, C.G. (1996) Co-variation of tRNA abundance
and codon usage in Escherichia coli at different growth rates. J. Mol. Biol. 260,
649–663.
[104] Duret, L. (2000) tRNA gene number and codon usage in the C. elegans genome
are co-adapted for optimal translation of highly expressed genes. Trends
Genet. 16, 287–289.
[105] Kanaya, S., Yamada, Y., Kinouchi, M., Kudo, Y. and Ikemura, T. (2001) Codon
usage and tRNA genes in eukaryotes: correlation of codon usage diversity
264 H. Grosjean et al. / FEBS Letters 584 (2010) 252–264with translation efﬁciency and with CG-dinucleotide usage as assessed by
multivariate analysis. J. Mol. Evol. 53, 290–298.
[106] Percudani, R. (2001) Restricted wobble rules for eukaryotic genomes. Trends
Genet. 17, 133–135.
[107] Kramer, E.B. and Farabaugh, P.J. (2007) The frequency of translational
misreading errors in E. coli is largely determined by tRNA competition. RNA
13, 87–96.
[108] Agris, P.F., Vendeix, F.A. and Graham, W.D. (2007) tRNA’s wobble decoding of
the genome: 40 years of modiﬁcation. J. Mol. Biol. 366, 1–13.
[109] (a) Söll, D. and RajBhandary, U.L. (2006) The genetic code – thawing the
‘frozen accident’. J. Biosci. 31, 459–463;
(b) Drummond, D.A. and Wilke, C.O. (2009) The evolutionary consequences
of erroneous synthesis. Nat. Rev. Genet. 10, 715–724.
[110] Miller, S.L. (1987) Which organic compounds could have occurred on the
prebiotic earth? Cold Spring Harb. Symp. Quant. Biol. 52, 17–27.
[111] Fournier, G.P. and Gogarten, J.P. (2007) Signature of a primitive genetic code
in ancient protein lineages. J. Mol. Evol. 65, 425–436.
[112] Higgs, P.G. and Pudritz, R.E. (2009) A thermodynamic basis for prebiotic
amino acid synthesis and the nature of the ﬁrst genetic code. Astrobiology 9,
483–490.
[113] Johnson, A.P., Cleaves, H.J., Dworkin, J.P., Glavin, D.P., Lazcano, A. and Bada,
J.L. (2008) The Miller volcanic spark discharge experiment. Science 322, 404.
[114] Cedergren, R., Grosjean, H. and Larue, B. (1986) Primordial reading of genetic
information. Biosystems 19, 259–266.
[115] Jukes, T.H., Osawa, S., Muto, A. and Lehman, N. (1987) Evolution of
anticodons: variations in the genetic code. Cold Spring Harb. Symp. Quant.
Biol. 52, 769–776.
[116] Higgs, P.G. (2009) A four-column theory for the origin of the genetic code:
tracing the evolutionary pathways that gave rise to an optimized code. Biol.
Direct. 4, 16.
[117] Kurland, C.G., Canback, B. and Berg, O.G. (2003) Horizontal gene transfer: a
critical view. Proc. Natl. Acad. Sci. USA 100, 9658–9662.
[118] Smets, B.F. and Barkay, T. (2005) Horizontal gene transfer: perspectives at a
crossroads of scientiﬁc disciplines. Nat. Rev. Microbiol. 3, 675–678.[119] Vetsigian, K., Woese, C. and Goldenfeld, N. (2006) Collective evolution and
the genetic code. Proc. Natl. Acad. Sci. USA 103, 10696–10701.
[120] Krzycki, J.A. (2005) The direct genetic encoding of pyrrolysine. Curr. Opin.
Microbiol. 8, 706–712.
[121] Ambrogelly, A., Palioura, S. and Soll, D. (2007) Natural expansion of the
genetic code. Nat. Chem. Biol. 3, 29–35.
[122] Turanov, A.A., Lobanov, A.V., Fomenko, D.E., Morrison, H.G., Sogin, M.L.,
Klobutcher, L.A., Hatﬁeld, D.L. and Gladyshev, V.N. (2009) Genetic code
supports targeted insertion of two amino acids by one codon. Science 323,
259–261.
[123] Shackelton, L.A. and Holmes, E.C. (2008) The role of alternative genetic codes
in viral evolution and emergence. J. Theor. Biol. 254, 128–134.
[124] Andersson, G.E. and Kurland, C.G. (1991) An extreme codon preference
strategy: codon reassignment. Mol. Biol. Evol. 8, 530–544.
[125] Szathmary, E. (1999) The origin of the genetic code: amino acids as cofactors
in an RNA world. Trends Genet. 15, 223–229.
[126] Freeland, S.J., Knight, R.D., Landweber, L.F. and Hurst, L.D. (2000) Early
ﬁxation of an optimal genetic code. Mol. Biol. Evol. 17, 511–518.
[127] Wong, J.T. (2005) Coevolution theory of the genetic code at age thirty.
Bioessays 27, 416–425.
[128] Cavalcanti, A.R., Leite, E.S., Neto, B.B. and Ferreira, R. (2004) On the classes of
aminoacyl-tRNA synthetases, amino acids and the genetic code. Orig. Life
Evol. Biosph. 34, 407–420.
[129] Trifonov, E.N. (2004) The triplet code from ﬁrst principles. J. Biomol. Struct.
Dyn. 22, 1–11.
[130] Yarus, M., Caporaso, J.G. and Knight, R. (2005) Origins of the genetic code: the
escaped triplet theory. Annu. Rev. Biochem. 74, 179–198.
[131] Di Giulio, M. (2008) An extension of the coevolution theory of the origin of
the genetic code. Biol. Direct. 3, 37.
[132] Toussaint, A., Van Vliet, F., Mergeay, M. and Thuriaux, P. (2009) Obituary,
Nicolas Glansdorff (1937–2009). Res. Microbiol. 160, 529.
[133] Limbach, P.A., Crain, P.F. and McCloskey, J.A. (1994) Summary: the modiﬁed
nucleosides of RNA. Nucleic Acids Res. 22, 2183–2196.
